The ''pivot-shift'' phenomenon is often seen as the hallmark clinical sign in an anterior cruciate ligament (ACL) injury. 14, 16, 22, 23, 34 It is known to have a significant rotational component, and some studies indicate that involvement of the peripheral anterolateral structures of the knee, in addition to the ACL injury, is necessary for the pivot shift to appear. 33, 44 Also, radiological findings such as a Segond fracture, or concomitant iliotibial band (ITB) injuries, suggest significant damage to the anterolateral soft tissues at the time of the ACL injury. 15, 31, 45, 48 Biomechanical studies have explored the stabilizing role of these structures, and serial cutting of intra-and extra-articular structures has identified the deep and capsulo-osseous layers of the ITB as important restraints to internal rotation, therefore effectively counteracting the pivot shift. 21, 49, 50 Historical surgical techniques addressed combined ACL plus anterolateral injuries by using isolated lateral tenodeses of the ITB. Although they eliminated the pivot shift at the time of surgery, follow-up studies reported inferior outcomes, and their use gradually diminished. 10, 27, 39 Combined intra-articular ACL reconstructions and extraarticular tenodeses have been suggested to offer an advantage over intra-articular ACL reconstruction alone, and several studies have displayed a clinical advantage of a combined procedure. 32, 36, 41, 46, 52 Considering the biomechanical basis for such an effect, studies that have investigated a combined approach in isolated ACL injuries have, unsurprisingly, found no effect. 1, 11 The only study that examined reconstructions in combined ACL plus anterolateral injuries reported that isolated ACL reconstruction could not restore normal knee laxity. 43 The recent renewal of interest in the anatomic and functional properties of the anterolateral structures has prompted a re-examination of the role of lateral extra-articular procedures in ACL-injured knees. 6, 7, 12, 19, 41 On the basis of a recent publication suggesting favorable graft elongation patterns among a selection of potential anterolateral procedures, 22 we set out to investigate the biomechanical rationale for the use of the modified Lemaire and MacIntosh tenodeses, which have had extensive clinical history, and the recently described anterolateral ligament (ALL) reconstruction. The stages of this examination included (1) determining whether a combined ACL plus anterolateral lesion increased knee laxity compared with the isolated ACL-deficient knee, (2) investigating if ACL reconstruction alone could restore native knee laxity in the case of a combined ACL plus anterolateral injury, (3) exploring whether combined ACL reconstruction with any of the tested anterolateral procedures (modified Lemaire tenodesis, modified MacIntosh tenodesis, or ALL reconstruction) tensioned with 20 N would restore intact knee laxity in the case of a combined lesion, and finally (4) assessing whether combined ACL reconstruction with any of the tested anterolateral procedures tensioned with 40 N would restore intact knee laxity in the case of a combined lesion. The underlying hypotheses were that an anterolateral lesion increased knee laxity as compared with an ACL only-injured knee, that isolated ACL reconstruction could not restore native knee laxity in the presence of a combined ACL plus anterolateral lesion, that combined ACL plus anterolateral reconstruction would restore native knee laxity, that there would be no differences in knee laxity between the 3 anterolateral procedures, and that an anterolateral graft tension of 40 N would overconstrain the knee while 20 N would not.
METHODS

Preparation of Specimens
After approval from the local research ethics committee, 12 knee specimens with a mean age of 57 years (range, 41-63 years; 6 male and 6 female donors; 6 left and 6 right knees) were obtained from a tissue bank. Specimens were kept at 220°C and were thawed 24 hours before the experiment. During testing, they were kept moist using water spray. Soft tissues more than 150 mm from the joint were removed, and the femur/tibia were cut 200 mm from the joint line. Skin and subcutaneous fat were removed. An intramedullary rod was cemented into the femur using polymethyl methacrylate bone cement. The rod was secured in a 6 degrees of freedom rig at 6°of valgus to align the knee to the mechanical axis 51 ( Figure 1 ). The test rig allowed passive knee flexion-extension from 0°to 120°by moving the femur with the unconstrained tibia hanging vertically. A tibial pot, with a 500-mm extending rod, was cemented onto the distal tibia. Semicircular hoops were mounted to a Steinmann pin that had been drilled mediolaterally through the proximal tibia. Anterior and posterior drawer forces could be applied to the proximal tibia without restricting coupled tibial rotation by using strings, weights, and pulleys. A 200-mm polyethylene disc was secured to the tibial rod with hanging weights applied via a pulley-and-string system to opposite poles of the disc to apply internal and external tibial rotational torques. A clamping device with markers was also attached to the central rod, allowing the tibia to be returned to and held in neutral rotation, which was marked at the start of the experiment, at any time during the experiment. Figure 1 . The knee was mounted in a 6 degrees of freedom rig with optical trackers rigidly mounted to the femur and tibia. A weight-and-pulley system was used to apply external loads. Rotation and torque could be controlled by a central tibial disc mounted on the tibial rod.
Kinematic Measurements
A Polaris optical tracking system (Northern Digital Inc) and reflective markers (Brainlab), securely mounted to the tibia and femur, were used to measure tibiofemoral joint kinematics. Fiducial markers attached to anatomic landmarks on the femur and tibia were digitized using a stylus probe. The most medial and lateral points of the tibial plateau and the anatomic axis (distal intramedullary rod) were used to define the tibial coordinate system. The femoral coordinate system used a transverse axis from the medial and lateral epicondyles and the proximal end of the intramedullary rod.
An established test method was used for retrieving kinematic data. 4, 24 Zero degrees of flexion was defined as the position at which the tibial and femoral rods were parallel as seen in the sagittal plane. Anterior-posterior translation was calculated as the perpendicular distance from the midpoint of the femoral epicondylar axis to the tibial coronal reference plane, and motions described were tibial movements relative to the femur. The tracking system had a translational accuracy of 60.1 mm. 20 
Surgical Technique
Surgery was performed, by the same experienced orthopaedic surgeon, with the knee mounted in the test rig. Initial arthroscopic surgery was performed to look for any damage to the cruciate ligaments, menisci, or other intra-articular structures. After the intact knee was tested, the ACL was resected arthroscopically. ACL-deficient testing was then performed before the anterolateral lesion was created and kinematics tested again. A 50-mm midsubstance longitudinal fibersplitting incision in the ITB was made in a distal to proximal direction, starting at the anterior aspect of the Gerdy tubercle. Using careful dissection, the lateral collateral ligament (LCL) was identified and preserved ( Figure 2) . A cut was then made through the tissue deep to the ITB and anterior to the LCL, from the lateral epicondyle and distally to the lateral joint line, to cut the ALL and capsule. 7, 19 Further, proximal to the LCL, the retrograde, supracondylar, and proximal attachments of the ITB to the femur were identified and carefully transected 21 ( Figure 2 ). Thus, the ITB remained in continuity, but the femur was mobilized beneath it.
ACL reconstruction was performed using a 10-mm bonepatellar tendon-bone autograft (from the same joint) in a central tibial to anteromedial bundle femoral attachment position. The femoral bone block was fixed with a 7 3 25-mm interference screw (RCI; Smith & Nephew), while a 9 3 35-mm screw (RCI) was used in the tibia. The knee was flexed and extended 10 times to pretension the graft and then held at 20°of knee flexion while the tibial bone block was fixed. A manual maximum pull (approximately 80 N), mimicking in vivo surgery, was applied to the graft at fixation. The femoral and tibial bone block sutures were tied to cortical bone screws for secure backup fixation.
The order of the extra-articular procedures was randomized to avoid any bias due to deterioration of the tissue. With a lack of evidence to suggest optimal graft tension, the use of 20 and 40 N was based on results from pilot testing with 10, 20, 40, 60, and 80 N before commencement of the study, where 10 N was found to underconstrain and 60 and 80 N were found to overconstrain the knees (Appendix Figure  A1 , available online). Thus, all lateral procedures were performed with both 20 and 40 N of tension; final graft fixation (femoral in all cases) was completed after extending and flexing the knee 10 times to condition the graft. The knee was brought back and held in initial neutral rotation using the clamping device described earlier. Braided sutures (Ultrabraid; Smith & Nephew) were used to whipstitch the free ends of all grafts to allow graft passage and tensioning. Additional backup fixation was performed by tying the whipstitch sutures over a bone screw on the contralateral femoral and, for ALL reconstruction, tibial cortices.
1. ALL reconstruction was performed with a gracilis tendon autograft. The distal end was fixed in a predrilled tunnel halfway between the Gerdy tubercle and the fibular head in the position described as the tibial attachment of the ALL. 7,19 A 5.5-mm suture anchor (Footprint Ultra PK; Smith & Nephew) was used for tibial fixation. The graft was positioned superficial to the LCL and fixed with an 8 3 25-mm interference screw (RCI) in an 8-mm bone tunnel drilled proximal and slightly posterior to the lateral epicondyle, corresponding to the femoral attachment of the ALL and of the Lemaire procedure 6, 19, 22, 27 ( Figure 2 and Appendix Figure A1 ). 2. The modified MacIntosh tenodesis was performed using a 15 3 150-mm central strip of the ITB, 2,17,30 which was carefully elevated, ensuring no disruption of the femoral attachments of the ITB. The distal end of the graft was left attached to the Gerdy tubercle. The graft was routed deep to the LCL and fixed to the femur with an 8 3 25-mm interference screw (RCI) in an 8-mm Figure A2 ). 22 3. The modified Lemaire tenodesis was performed using a 15 3 100-mm central strip of the ITB. 5, 27, 35 The tibial attachment of the ITB was kept intact. The graft was routed deep to the LCL to the same femoral tunnel as described for ALL reconstruction. An 8 3 25-mm interference screw (RCI) was used for fixation ( Figure 2 and Appendix Figure A3 ). 4. Finally, a further modification of the Lemaire tenodesis was performed using the same graft and the same femoral fixation site and method as described above. The graft was, however, positioned superficial to the LCL.
Testing Protocol
Kinematic data were recorded from 3 cycles through 0°to 90°of passive knee flexion, and the following 8 states of the knee were tested: (1) 
Statistical Analysis
A power calculation based on prior work using the same optical tracking system determined that a sample size of 8 would allow the identification of changes in translation and rotation of 2.1 mm and 1.2°, respectively, with 80% power and 95% confidence. 25, 26 Because of the multiple hypotheses, 12 knees were tested, and post hoc power calculations were performed. MATLAB scripts (The MathWorks Inc) were used for processing data and calculating mean tibial translations and rotations at 10°intervals throughout 0°to 90°of knee flexion. Statistical processing used SPSS (version 22.0.0; IBM Corp). The Shapiro-Wilk test confirmed that the data sets were normally distributed. An a priori significance level of .05 was used to denote statistical significance. Two-way repeated-measures analyses of variance (ANOVAs) were used to compare the dependent laxity data (translational and rotational measures) across the 2 independent variables: state of the knee (intact, ACL-deficient, ACL-reconstructed, etc) and flexion angle (0°, 10°, 20°, etc). The repeatedmeasures ANOVAs were used to compare the intact state with both the ACL-cut and anterolateral-cut states, the ACL-reconstructed state with the anterolateral-injured state, the intact state with the 4 reconstructions performed with 20 N of graft tension, and the intact state with the 4 reconstructions performed with 40 N of graft tension. Paired t tests with Bonferroni correction were applied when differences across test conditions were found.
RESULTS
The Effect of an ACL Lesion and a Combined ACL Plus Anterolateral Lesion on Knee Laxity
Cutting the ACL and anterolateral structures had significant effects on knee laxity as compared with the intact knee (P \ .001 for all tests) (Figures 3 and 4) . The addition of an anterolateral lesion to the ACL-deficient knee significantly increased knee laxity from the isolated ACL-deficient state when an anterior drawer force was applied ( Figure 3 ) and when an internal torque was applied (Figure 4) , and similar effects were found when the combined anterior drawer force and internal torque were applied (P \ .001 for all tests).
The Ability of Isolated ACL Reconstruction to Restore Intact Knee Kinematics in the Combined Injured Knee
After isolated ACL reconstruction, there were still significant differences from intact knee laxity when the anterior drawer force (P \ .001) (Figure 3 ), internal torque (P = .001) (Figure 4) , and combined anterior drawer force and internal torque (P \ .001) were applied. For the anterior drawer, this difference was found from 0°to 60°of knee flexion (P \ .001-.004), with a mean maximal anterior translational difference of 2.2 6 1.2 mm at 50°of knee flexion. For internal rotation, the difference was significant from 0°to 40°and from 70°to 90°of knee flexion, with a mean maximal difference of 2.1°6 1.0°in internal rotation (P \ .001-.002). For the combined anterior drawer and internal rotation, the difference was significant from 0°to 70°of knee flexion (P \ .001-.020). Significant differences persisted for anterior drawer force (P \ .001), internal torque (P \ .001), and combined anterior drawer force and internal torque (P = .001) when comparing the combined reconstructions to the intact knees. Pairwise testing of the reconstructions found that ALL reconstruction with 20 N of tension had persisting increased anterior translation from 0°to 70°of knee flexion compared with the intact knee (P = .002-.01) ( Figure 5 ). The Lemaire superficial and Lemaire deep procedures displayed a difference at 0°and 70°of knee flexion, respectively, but did not differ from the intact knee in any of the other angles of flexion (nonsignificant). With regard to internal rotation with 20 N of graft tension, the MacIntosh and Lemaire deep procedures were not found to differ (P . .05 for all) from internal rotation of the intact knee ( Figure 6 ). ALL reconstruction had persisting increased rotation as compared with the intact knee (P = .002-.01). This difference was most pronounced at 50°of knee flexion, where a mean difference of 3.4°6 2.2°was found (P = .005). The Lemaire superficial procedure was found to differ from the intact knee (P = .001), and overconstraint was seen ( Figure 6 ) at 10°, 40°, and 50°of knee flexion (P = .001-.009). Internal rotation and anterior translation combined gave similar trends to internal rotation; these data are not presented.
The Ability of Combined ACL Reconstruction and Anterolateral Procedures With 40 N of Graft Tension to Restore Native Laxity in Knees With ACL and Anterolateral Lesions
Significant differences were also found for anterior drawer force (P = .001), internal torque (P = .039), and combined anterior drawer force and internal torque (P = .029) when comparing the combined reconstructions in which 40 N was used for graft tensioning. Pairwise testing found that the Lemaire superficial and MacIntosh procedures overconstrained in anterior translation as compared with the intact knee at 70°to 90°and at 80°of flexion (P \ .001-.003), respectively ( Figure 7 ). For internal rotation, ALL reconstruction still had residual laxity at 0°and 30°o f knee flexion (P = .002 and .01), while the Lemaire superficial procedure was found to overconstrain at 10°, 40°, and 50°of knee flexion (P = .001-.005) (Figure 8 ). Neither the Lemaire deep nor MacIntosh procedure was found to differ (P . .05 for all) from internal rotation of the intact knee. 
DISCUSSION
This study found that isolated intra-articular ACL reconstruction leaves residual knee laxity, in terms of anterior translation and internal rotation, when a combined ACL plus anterolateral lesion is present. This could be one explanation for persisting dissatisfaction after isolated ACL reconstruction. 3, 18, 28, 42, 43, 47 Further, the study identified 2 lateral tenodeses, the modified Lemaire (passed deep to the LCL) and MacIntosh (both with 20 N of tension at fixation), that were able to restore native knee laxity when combined with ACL reconstruction. Thus, it also confirmed the hypotheses that a combined ACL plus anterolateral procedure would restore native knee laxity, but only if the graft tension was limited to 20 N. The results also show that there was a difference in the Lemaire tenodesis when the graft was alternated between a path deep and superficial to the LCL, with the latter overconstraining in deep flexion. Contrary to the recent literature, ALL reconstruction did not restore native knee kinematics.
A limited number of studies have assessed the kinematic properties of lateral tenodeses in combination with modern intra-articular ACL reconstructions; however, several only transected/injured the ACL alone and were therefore not considering a combined ACL plus anterolateral injury. 1, 8, 11 Samuelson et al 43 examined the effect of combined reconstruction using the Mü ller tenodesis. Tenodesis was performed adjunct to intra-articular patellar tendon reconstruction in the presence of an anterolateral lesion (a cut parallel to the tibial joint line from the patellar tendon to the LCL). As in the current study, intra-articular ACL reconstruction alone failed to restore the native internal rotation. Adding a lateral tenodesis, with either 0 or 22 N of tension, reduced the excessive internal rotation but also restricted laxity as compared with the intact knee. With 22 N of tension, there was an overconstraint of up to 15°of internal rotation. This effect was less evident in the current study, with a maximum overconstraint of 3.9°of internal rotation in the Lemaire superficial procedure with 40 N of tension. Thus, there could be an inherent difference between the reconstructive techniques (ie, Mü ller tenodesis, MacIntosh and Lemaire procedures) that is more important than the tension used at fixation. Another explanation for the differences could be the current use of fixed neutral rotation when setting the extra-articular graft. This prevented the tibia from being pulled into external rotation at fixation because of the forces applied to the graft.
Although there is no clear evidence for an increase in lateral compartment osteoarthritis after combined procedures, 12, 13, 37, 40, 41 pressure in the lateral compartment seems to be a prevailing concern and was cited as a reason to discard concomitant lateral procedures as intra-articular ACL reconstruction improved historically. 12 The present finding of a tendency toward overconstraint of anterior translation in deep flexion occurred only with 40 N of tension. During pilot testing before the study, 80 N was found to approximate a clinical maximum manual pull, but because of unfavorable kinematic responses to the lesser 60 N, these tensions were not included in the study. Overall, surgeons performing combined procedures should be aware of the risk of overconstraining the knee when tensioning and fixing the graft.
A recent interest in the anatomy and function of the anterolateral structures of the knee has been focused around revisiting the ALL. 7, 19, 29 Although it has a proposed role in controlling internal rotation of the knee, there is an ongoing debate, and at present, only a few studies have assessed the ALL biomechanically. 19, 21, 38, 53, 54 When performing serial cutting of anterolateral structures, Kittl et al 21 found that the ALL only made a minor contribution to resisting internal rotation of the knee. The deep and capsulo-osseous layers of the ITB were, however, identified as the most important restraints for internal rotation. Contrary to this, a study by Parsons et al 38 found the ALL to be an important stabilizer of internal rotation in flexion angles above 30°, with a contribution exceeding that of the ACL. The latter study had, however, defunctioned the ITB without assessing its contribution to restraining laxity of the knee. In the current study, the 2 procedures that had a graft path superficial to the LCL, that is, ALL reconstruction and the Lemaire superficial procedure, provided the least favorable kinematic effects (either being unable to restore intact knee laxity or overconstraining the knee). It might therefore seem that a graft passed deep to the LCL, found in both the MacIntosh and Lemaire tenodeses, yields kinematic properties that are desirable in an anterolateral procedure. These findings are in line with the results of a recent study assessing graft insertion sites and length change patterns of various graft routes. 22 The ''pulley effect'' of the LCL, retaining the graft posterior to the axis of rotation throughout the range of knee motion, demonstrates more consistent graft behavior, even with differing femoral fixation sites.
The use of a graft from a structure (ITB) that we have found to be an important tibial restraint 21 may also be questioned. The answer is (1) we avoid damage to the important fibers deep to the superficial layer of the ITB that link it to the femur, and (2) in cases where it may be appropriate to add additional lateral extra-articular tenodesis, the lateral structures are likely to have been stretched out anyway, for example, in revision cases.
There are several limitations of the current work. First of all, the results are only representative of a ''time zero'' state and do not take into account possible changes due to healing or in response to cyclic loading and rehabilitation. The anterolateral injury inflicted to the knees might represent a ''worst-case scenario'' injury because all the femoral attachments of the ITB were cut as well as the capsule and ALL. Although Terry et al 45 found that a majority of patients with an anterolateral injury (concomitant to an ACL tear) had a lesion to the deep and capsulo-osseous layers of the ITB, there is likely to be a variability related to the magnitude and mechanism of the trauma, leading to these injuries. The effects of the lesions in the current work might therefore be overstated as compared with the anterolateral injuries seen in patients, but the cutting protocol described provided a reproducible lesion.
Selecting the patients who are likely to benefit from a combined surgical approach for ACL injuries is a persisting challenge. Although some studies indicated a better outcome when a combined surgical approach was applied to a general ACL-injured population, there are probably subgroups (eg, gross rotational laxity, revision surgery, rigorous sports) that are more likely to benefit. 9, 12, 46 Further studies should investigate the speculated changes in the tibiofemoral and patellofemoral contact pressures.
There is also a further need for high-quality clinical studies that compare results of modern ACL reconstruction with or without appropriate lateral tenodeses. However, despite these limitations, this study has shown that it is possible to return a knee with combined ACL plus anterolateral injuries to normal ranges of translational and rotational laxity by adding an anterolateral procedure to intraarticular ACL reconstruction.
CONCLUSION
The current study found that isolated intra-articular ACL reconstruction failed to restore intact knee kinematics in the presence of a combined ACL plus anterolateral injury. This provides a rationale for undertaking combined intraand extra-articular procedures in appropriate selected populations. When ACL reconstruction was combined with either a MacIntosh or Lemaire procedure, knee laxity did not differ significantly from the native knee at the time of surgery. The results do not support surgical reconstruction of the ALL because reconstruction seemed to have a lesser effect in restoring the native knee laxities.
